INTRODUCTION b
Single-stage light gas guns operating with helium and hydrogen propellant have .
been used as drivers for advanced plasma fuel injection systems for several years. 1-s
These devices can launch solid hydrogen, deuterium, and tritium s pellets with diameters of 1 to 6 mm at speeds of less than 2 km/s. The two-stage light gas gun approach has been adopted as a way to improve the performance of pellet injection systems in anticipation of more demanding applications on reactor-like devices, where speeds above _5 km/s will be required for deep penetration in the hot plasma. Present developmental systems operate at speeds of about 3 km/s with deuterium pellets and at speeds above 4 km/s when the deuterium ice is protected from hot gas erosion by a sabot.°-14
We present an approximate model to determine the dynamics and performance of two-stage light gas gun systems of the type shown in Fig This treatment is similar to an earlier model presented by Riva and Reggiori, , 15 • who considered only isentropic flow in the launch tube but incorporated additional effects such as heat transfer to the second-stage walls and mass transfer between ' the first and second stages, which results from an imperfect seal at the piston-pump tube interface. In our treatment, we employ a less rigorous, or approximate, method of characteristics for the solution in the launch tube. As mentioned, friction is taken {hto account, and a model is used to describe the flow through the valve separating the reservoir from the first stage.
In Sect. 2, we present the mathematical descriptions of the various components of the system shown in Fig. 1 . In Sect. 3, example solutions are presented, and the results are compared with data obtained from the ORNL two-stage gas gun facility.
Conclusions are given in Sect. 4.
COMPONENT DESCRIPTIONS

RESERVOIR
The conditions in tile reservoir are computed using 0-D models expressing " conservation of energy and mass within the reservoir volume Vr'
dt where er and hr are the specific internal energy and enthalpy of the gas, mr = prVr is the mass in the reservoir, and rhr represents the mass effiux rate through the valve separating the reservoir from _.he first stage. The mass density pr is related to the pressure Pr and temperature Tr by the ideal gas equation of state,
Similarly, the internal energy and enthalpy are related to _he temperature by ideal gas specific heats and the specific heat ratio 'Tr,
• hr:CprTr , A simple linear ramp function is used to approximate the opening characteristics of the valve. For compressible flow, the mass flow rate through the valve is dependent on the valve area Av, the reservoir temperature and pressure, and the downstream pressure Pl; however, for values of the pressure ratio below a certain critical value, ' the flow will be choked, and consequently the throughput will depend only on the upstremm conditions. The mass flow rate is therefore written in the following form, 16
which is valid for any back pressure:
where Pcrit -Pr 7r + 1 and
In Eq. (5), Cd is the valve discharge coefficient (_0.8) and the constants gl and g2 are given by
As in the reservoir, the conditions in tile first stage, which comprises the volume between the valve and the rear face of tile piston, are computed from the applicable 0-D expressions for energy and mass conservation:
where the subscript 1 denotes the first stage and Upist "-dxpist/dt and Apist . represent the speed and cross-sectional area of the piston, respectively. In Eq. (6), the first term on the right-hand side represents the enthalpy convected into the first stage by the gas exiting the reservoir, and the second term represents the expansion work done by the first-stage gas against the moving piston. The mass density in the first stage is related to the totM mass contained within its volume, which consists of an initial fixed volume V0 axld the volume swept out by the piston as it moves,
where Xpist is the position of the the piston relative to its initial resting position.
When friction be_,ween the piston and the pump tube bore is neglected, the motion of the piston is completely specified by the pressure imbalance between the first and second stages'
where Mpist is the piston mass and P2 is the pressure in the second stage.
The description of the first stage is completed by the ideal gas relationships for ,i pressure, internal energy, m_d enthalpy, which, when the first-stage and reservoir working gases are the same, are
SECOND STAGE
The second stage is defined as the ,'egion between the front face of the piston and the breech of the gun (entrance to the launch tube and initial position of the projectile). This region is also modeled as a 0-D entity whose volume changes as the pis:on traverses the pump tube. In addition, a fixed volume Vb is i',,cluded in the calculation to account for the volume of components located between the end, or head, of the pump tube and the breech. Mass loss from the second stage is estimated by assuming that gas escaping into the launch tube as a result of al the projectile movement does so at a constant, or average, breech Mach number ,_b. The mass loss is included only _ter the projectile has started to move. In the code, this condition is satisfied when the second-stage pressure exceeds the specified projectile release pressure, Prel. The relevant expressions for energy and mass conservation are
respectively, where the subscript 2 denotes the second stage and the subscript b denotes the breech. The first term on the right-hand side of gq. (10) represents the work done on tile second-stage gas by the advancing piston, and the second term represents the energy loss associated with the mass flow rate at the breech, dnb = pbUbAb. In the energy balance we include also the kinetic energy of the gas escaping at speed Ub = Mbab, where ab = __rrbb is the sound speed evaluated at the breech. The mass contained at any time within the second stage is related to the volume and mass density by the expression
where L is the active length of the pump tube. The remaining thermodynamic conditions in the second stage are given by the relevant ideal gas relationships:
where the previous definitions apply. Finally, the thermodynamic properties at the breech are related to their corresponding values in the second stage by well-known gasdynamic expressions 17 applicable to steady flow in nozzles"
With the assumption of a fixed Mach number at the breech, the parameters of the system are completely determined up to and inchtding the breech location and are thus independent of the dynaanics occurring in the launch tube. This simplification effectively decouples the solutions for the reservoir, first stage, and second stage from the solution for the projectile motion while providing one
• boundary condition needed to obtain an approximate solution for the projectile motion in the launch tube. In the code, the parameters of the reservoir a_d , the first and second stages are computed first by solving this system of coupled differential equations numerically. The projectile motion is computed from the conditions determined at the breech, as described in Sect. 2.5.
LAUNCH TUBE
An approximate 1-D model based on the method of characteristics is is used to solve numerically for the nonsteady compressible flow in the launch tube and the resultant projectile motion. In contrast to the treatment of the reservoi_ and the first and second stages, a 1-D model is required to relate the pressure at the base of the projectile, which provides the acceleration force, to the breech pressure.
In the first and second stages, the piston speed is usually much smaller than the sound speed, a._J consequently the assumption that the pressure equilibrates instantaneously throughout the respective volumes (i.e., that it is 0-D) is usually justified for computing the piston motion. However, in the launch tube and, in " particular, at high projectile speeds and at distmlces far from the breech, rarefaction waves propagating rearward from the base of the projectile tend to negate the forward-propagating compression waves originating at the breech, and this can lead to significant reductions in the pressure at the projectile base relative to the instantaneous value at the breech.
The method of solution employed is based on the approach suggested by Siegel, 19 whereby the approximate projectile base pressure is determined as a function of time for isentropic flow by specifying a fixed Mach number at the breech and by taking average values for the sound speed and gas speed along a characteristic curve. We we specify a value for the breech Mach number, Mb, which determines the value of Ub(t'). A functionM form is assumed that approaches zero in the limit of low projectile velocity and increases asymptotically to A4b as the projectile accelerates to speeds in excess of the fluid velocity at the breech,
Mb= -_bV_(t)/[-_bab(_') + U_(t)] = ab(_')' Up<<Mbab . . (_3)
.
M[b , Up >> flgbab
It follows that the fluid velocity at the breech is given by Ub(t') = A4bab(t'). The fluid entropy change between the breech and projectile is calculated from the heat dissipated in the gas by the wall friction force acting on a fluid particle moving between the two locations. Referring to Fig. 2 , a fluid particle leaving the breech at time t" at average speed _ip will intercept the projectile at time t
As before, we relate the fluid velocity at the breech to an assumed Mach number by Ub(t")= .Mbab(t"), where
-. The rate of entropy production moving with a fluid particle is given in terms of previously defined parameters and the average sound speed by la In our approximate linear treatment, it follo'_s that the specific entropy at the 8 projectile position is given by _p(t)= ,_b(_") + (t -t")i .
Because of the assumption that the flow for all stages up to and inclusive of the breech is isentropic, Sb(t) = const, and consequently Eq. (14) reduces to
From the definitions of the Riemann variable and &'P, the sound speed at the projectile is 
Pp(t) -Pb(t") ab(t')J exp{--[i(t--
Finally, the projectile's speed (which is e:lual to the gas velocity at the projectile location) and position are determined in terms of the base pressure and the mass and cross-sectionM area of the projectile by tlm equation of motion,
The computer code QUICKGUN was written to solve this system of equations 
RESULTS
Resultsof a QUICKGUN calculation for the conditionsgiven in Table 1 are shown in Fig.3 . The conditions chosen lc:' the calculation correspondto those used Releasc pressure, psi 1000
Output parameters trel, which corresponds to the instant at which the breech pressure reaches the assumed release value of 1000 psi. Tlle calculation was performed for Mb = 0.3.
The output from the code can be compared to a number of experimentally observed . parameters, including muzzle velocity, breech pressure, and the piston transit time, which is defined as the time required for the piston to travel to the point where it reverses direction (distance of closest approach to the end of the pump tube).
In this example, the reversal point is calculated to be 0,203 cm from the pump tube end, and this is achieved in a total elapsed time of 4.306 ms, in comparison to an experimental value of 4.4 ms. Although the piston speed was not measured, the code predicts a maximum speed of 400 m/s. As shown in Fig. 3 , the calculated maximum breech pressure Pb = 66,000 psi, compared to a measured value of 53,900
psi. The shapes of the experimental and calculated breech pressure pulses are similar with full widths at half-maximmn of 50 #s and 41 #s, respectively. The calculated projectile base pressure pulse is of comparable width, but it peaks later than the breech pressure. This is a consequence of the finite sound speed of the propellant gas a_ld the distance required for the pressure pulse to propagate from the breech to the projectile location. In the calculation, the projectile speed Up approaches 4.9 km/s asymptotically, but most of the acceleration is achieved within the first 50 cm of travel. In the experimental case, a speed of 4.5 km/s was measured at the exit of the 1-m-long launch tube.
Some tests were performed using the same gun geometry, but with deuterium pellets and a fast valve to separate the reservoir from the first stage. Code predictions for these cases are compared with the test results in Table 2 . The ESEOD for the fast valve, which was developed at ORNL, has not been measured.
--
To estimate its value we have taken the internal dimneter of the smallest orifice.
The response time of the valve is in the range of 1 to 2 ms; we have assumed 2 ms for ) the calculation. For the most part, the agreement with the experimental values is good, with a maximmn discrepancy in the projectile speed of 13%. Moreover, it can be seen that the pellet velocity discrepmlcy correlates with the discrepancy in the average piston speed, which is defined as the distm_ce between a pressure transducer used as a time marker, located 8 cm in front of the piston starting position, and the end of the pump tube (the second time marker) divided by the measured time " interval for the piston to move between these two locations. The error is reduced -: considerably when the calculated average piston speed is adjusted to match the measured value (by adjusting the reserw)ir pressure), as shown in the last row of the table. 
